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Although  the  calcium  and  inorganic  phosphorus  levels  of  the 
blood serum of rabbits appear to be more affected by seasonal changes 
in environment and by caging  (1)  than  by  the hypertrophy of the 
parathyroid glands induced by ultra-violet radiations (2),  the hyper- 
trophic changes in the glands  are evidence of  an  increased "factor 
of  safety"  which is  manifest in  the reactions  of irradiated  animals 
to  partial  parathyroidectomy  (3).  A  comparison of  their  behavior 
with  that  of  normal rabbits  subjected to  an identical operation  1 led 
us  to  a  further  investigation  of  the reactions of irradiated, normal, 
and  partially  parathyroidectomized  rabbits  to  other  experimental 
procedures,  in  order  to  test  the  functional  capacity  of  their  para- 
thyroids.  The three groups of rabbits were assumed to differ in the 
relative  amount  and  potential  activity  of  their  parathyroid  tissue, 
the  irradiated  animals  having  hypertrophic  glands  and  the  par- 
tially parathyroidectomized rabbits having only so much parathyroid 
tissue as was necessary for the maintenance of a  blood calcium level 
approaching normal. 
Our  first  observations  on  the  effects  of  the  injection  of  calcium 
chloride or of disodium hydrogen phosphate into irradiated, normal, 
and  partially  parathyroidectomized  rabbits  gave  some  unexpected 
results,  and  turned our immediate attention  from  the primary ob- 
ject of the investigation to an interest in the r61e of inorganic phos- 
XAll operations for removal of parathyroids were  performed  under  full  ether 
anesthesia. 
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phates  in  the  development of outspoken  clinical  tetany,  under  con- 
ditions of lowered blood calcium. 
Calcium Injections. 
Two  experiments  were  performed,  the 
the  second with  seven. 
first  with  four  rabbits; 
Experiment/.--Two normal, adult, male rabbits served as controls.  The other 
two, with backs and ears closely clipped, had been exposed daily for 30 days to the 
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total radiations  of a quartz mercury arc lamp (67 volts, 5.5 amperes), at 1 meter's 
distance.  During this period the daily exposures were increased from 10 minutes 
to 2 hours.  Then all four rabbits received an intravenous injection of sterile  a  s 
CaCl~ solution, representing 25 mg. of Ca per kilo body weight.  The volume of 
fluid was about 10 cc.  Blood samples were taken before and immediately after the 
injections, and 2, 4, 6, and 24 hours later, and calcium (4) and inorganic phosphorus 
(5) determinations were made on the serum. 
Chart  1  shows  that the reactions of the normal and  the irradiated 
rabbits  were  essentially  similar.  The  excess  calcium  practically F~DEKICK  L. GATES AND J,  H. B. GRANT  127 
disappeared  from the  blood in  less  than  2  hours,  and  the  calcium 
level subsequently fell somewhat below that of the control specimens. 
This dose of calcium chloride had only a  relatively slight effect upon 
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CHART 2.  Experiment 2.  Serum Ca after injection of CaCI~ in normal, irra- 
diated, and partially  parathyroidectomized rabbits. 
the  inorganic  phosphate  levels.  The  initial  drop  is  due  partly: to 
dilution  of  the  blood  serum.  A  reciprocal  relationship  is  seen  in 
the slight rise  during the rapid drop in calcium. 128  IRRADIATION AND  PARTIAL PARATHYROIDECTOM¥.  II 
Experiment 2.--In this experiment two normal and two irradiated rabbits were 
supplemented with three partially parathyroidectomized  animals.  Two of these 
had been deprived, 6 weeks before, of both external parathyroids and one-half 
the thyroid with its internal parathyroid gland.  The other rabbit had had its 
external parathyroids removed 4 weeks previously.  During these intervals the 
serum calcium of these rabbits had been gradually restored to 11.4, 12.0, and 11.2 
rag. respectively, indicating a corresponding restoration of parathyroid function. 
These rabbits received intravenous injections of CaCl~ in sterile ~ solution, in 
doses of 35 to 50 mg. of Ca per kilo of body weight.  Because  of the increased  con- 
centration, the total volume injected was somewhat less than in Experiment 1. 
Small blood samples were withdrawn from an ear vein, just before and after in- 
jection, and 30 minutes, 1, 3, 5, and 24 hours later.  The results of Ca and P 
determinations  on these specimens are shown in Chart 2. 
In  all of  these  rabbits  the  immediate rise  of the  blood  Ca  to  a 
high level was followed by a  rapid disappearance of the excess  from 
the blood,  so  that the control levels were restored in  3  to  5  hours. 
No striking  differences were  observable  between the average values 
for the  three groups,  and indeed the individual figures obtained 30 
minutes and 1 hour after injection were remarkably similar through- 
out.  Apparently the condition of the parathyroid glands had little 
influence  on  the  disappearance  of  excess  calcium from the  blood 
stream.  It is interesting to observe  in  the partially parathyroidec- 
tomized rabbits that the blood calcium returned to its former lower 
level,  as  Salvesen  (6)  and  others  have  observed  repeatedly  under 
similar conditions. 
Thus the calcium level of the blood seems to be determined by a 
balance between parathyroid activity and other  factors  independent 
of parathyroid control.  When  there  is  a  reduction of parathyroid 
activity, as after partial parathyroidectomy, the calcium level drops 
correspondingly.  But  even  an  excess  of  parathyroid  tissue  does 
not maintain an  excess  of calcium already present  in  the blood,  in 
opposition to the forces which tend to restore it to a normal level (2). 
That  the  immediate reduction  of  inorganic phosphorus  was  due 
in part to the calcium content of the injection fluid is shown by the 
greater  fall in phosphorus  in  Experiment  2,  as  compared with Ex- 
periment  1,  in  which  a  larger  volume of  fluid was  injected.  This 
drop  was  most marked in  the  irradiated  rabbits  of  both  series,  in 
which an average fall from 7.83 rag. to 5.32  mg. per 100 cc. of serum 
occurred.  The  fall  in  phosphorus  was  as  temporary  as  the  cor- FREDERICK  L.  GATES  AND  J.  H.  ]3.  GRANT  129 
responding rise in  calcium and illustrates  again  the tendency to re- 
ciprocal reactions which several  authors  have  already pointed  out. 
The  experiment does  not  indicate  whether the  restoration  of  inor- 
ganic phosphorus  in  the first  half-hour  after  the  calcium  injection 
was a  cause or an effect of the correspondingly rapid fall in calcium. 
Phosphate Injections. 
Subcutaneous  injections  of  sterile  disodium  hydrogen  phosphate 
(Na2HPO4)  were given in ~ solution in doses of 100, 125, or  150  rag. 
of P  per kilo body weight. 
Experiment 3.--The ten rabbits injected with 100 mg. P per kilo reacted in an 
essentially similar manner.  Five were normal, three had been partially parathy- 
roidectomized (two external glands and one-half the thyroid extirpated 16 to 28 
days previously), and two had been irradiated daily for 23 or 26 days in increasing 
periods of 10 to 90 minutes at 1 meter's distance from the quartz mercury arc 
lamp.  Blood  samples withdrawn from an ear vein before the injection, and 4, 6, 
12, and 24 hours afterwards were allowed to clot and the sera were analyzed for 
Ca (4) and inorganic P (5). 
The  average  figures  for  each group  closely represent the individ- 
ual  findings.  These  averages,  plotted  in  Chart 3,  show, in the first 
place,  the  somewhat lower blood  calcium of  the partially parathy- 
roidectomized  rabbits  before  the  injection,  and  a  relatively  high 
blood phosphorus in both irradiated (3)  and partially parathyroidec- 
tomized  animals  (7).  No  significant  differences  occurred  in  the 
reactions of the normal and the irradiated rabbits,  and the partially 
parathyroidectomized animals  differed from  the  others  only in  the 
fact  that  the  lower  calcium  level  which  distinguished  them  was 
maintained throughout the period of observation.  The subcutaneous 
injection of disodium hydrogen phosphate was followed by a prompt 
rise of inorganic phosphorus in the blood.  The peak of the rise, as 
the next experiment will show, probably occurred before the 4  hour 
blood sample was taken.  In all of these rabbits the excess phosphorus 
in  the  blood  was  practically  eliminated within  12  hours.  In  fact, 
the most striking feature of the curves is the drop in the blood phos- 
phorus  of  the  irradiated  and  the  partially  parathyroidectomlzed 
rabbits  well  below  the  high  levels  found  in  their  blood  before  the 
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Since the blood is normally a supersaturated solution  of calcium 
bicarbonate and  calcium  hydrogen  phosphate  (8), it is to be ex- 
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CHART 3.  Experiment 3.  Serum Ca and P  after  injection of  NaiHPOt in 
normal, irradiated, and partially parathyroidectomized rabbits. 
pected that a  rise in other phosphates would cause a  fall in calcium. 
Binger  (9)  produced  tetany  in  dogs  by phosphate  injections  and 
found  the  blood  calcium  reduced  beyond  the  degree  attributable FREDERICK  L.  GATES  AND  y.  H.  B.  GRANT  131 
to  serum  dilutions.  Salvesen,  Hastings,  and  McIntosh  (10)  have 
recently raised the blood phosphorus level in dogs by oral adminis- 
tration  of  mono-  and  disodium  orthophosphates,  and  observed  a 
corresponding fall in blood calcium. 
In  this  experiment  the  blood  calcium  level  fell  promptly  in  all 
the  rabbits,  probably  reaching  its  nadir  about  the  4th  hour,  and 
then  rising  slowly  toward  normal.  Some  scattered  observations 
after 48  and 72  hours indicate that the normal levels were attained 
within  that  time.  The  lowest  Ca  level  recorded  was  6.0  rag.  per 
100  cc.  serum, found 4  hours after the phosphate injection in a  par- 
tially  parathyroidectomized  rabbit.  This  rabbit  showed  no  out- 
spoken  tetany,  but  another  partially parathyroidectomized  animal 
with a  Ca  level of 6.4  rag.  had  a  single convulsive seizure  6  hours 
after injection.  All of the rabbits were restless and hypersensitive, 
but no other acute attacks of tetany were observed. 
Although they were studied in  small groups,  all  the  rabbits  that 
received subcutaneous injections of 2  disodium hydrogen phosphate, 
representing 125  or 150 rag. of P  per kilo body weight, may be con- 
sidered together, for the size of the dose does not serve to distinguish 
their reactions, which depended rather upon  the  calcium and phos- 
phorus  levels  attained  in  the  blood. 
Experiment 4.--Nineteen rabbits in four groups are included in this experiment: 
(1)  four rabbits were normal, adult males; (2) four rabbits had been irradiated, 
three of them for 15 to 25 minutes 6 days a week for 26 to 30 days, at a distance of 
50 cm. from a quartz mercury arc.  The other had been exposed 10 to 90 minutes a 
day for 25 days at 1 meter's distance; (3) five rabbits h~/cl  been irradiated with 
the quartz mercury arc (30 minutes daily, 18 to 21 days, at 1 meter's distance), 
and then partially parathyroidectomized with the  removal of the two external 
parathyroids only. Irradiation was continued for the 13  to 16 days between the 
operation and the date of the phosphate injections; (4) six rabbits had not been 
irradiated, but underwent similar operations 13 to 16 days before the experiment. 
Disodium hydrogen phosphate in ~ solution was given to all these rabbits sub- 
cutaneously in single doses, representing 125 to 150 rag. P per kilo body weight. 
Blood samples taken before and at intervals after the injections  were analyzed for 
Ca and inorganic  P. 
In  all  nineteen rabbits  the  immediate results  of these  phosphate 
injections were a  rise in blood phosphorus,  a  drop in the blood cal- 
cium  level,  and  the  onset  of  signs  and  behavior  characteristic  of 132  IRRADIATION AND  PARTIAL PARATHYROIDECTOMY.  II 
acute  tetany.  The  reaction  usually  was  most  severe  between  the 
4th and 8th hours,  an  interval in which ten rabbits  died.  Another 
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As already stated, the object of these experiments was to observe 
possible differences in  the  behavior of irradiated,  normal, and par- 
tially parathyroidectomized rabbits to sudden changes in the calcium 
and phosphate balance in  the blood.  As  in  the  first  three  experi- 
ments, so in  this one a  review of the rabbits'  reactions shows that 
they cannot be distinguished according to the apparent state of the 
animal's  parathyroid  glands.  Equal  numbers  lived  and  died  in 
each group, except that  among the irradiated, partially parathyroid- 
ectomized rabbits  one lived and  four died.  Possibly these animals 
were more susceptible than those in the other groups.  On the whole, 
the  experiment failed  to  show  differences in  reaction  which might 
be referred to differences in parathyroid function due to irradiation 
or partial parathyroidectomy. 
But  an  analysis  of  the  figures  shows  that  a  significant  division 
may be made between all those that lived and those that died, on the 
basis  of  their  blood  calcium  and  phosphate levels  at  the  onset  of 
tetany  (Chart  4).  We  may  therefore  turn  our  attention  to  this 
aspect  of the situation  and  analyze  the experimental findings from 
this point of view.  The rabbits,  regardless of the apparent state of 
their parathyroid glands, have been grouped accordingly in Table I. 
In  the  first  place,  the  control figures  for  both  groups  show  less 
variation in  the calcium levels than in those for phosphorus, before 
injection.  Those that lived are not different in blood calcium from 
those that  died, either individually or on  the average.  But in  the 
group of eight survivors there are only three with a blood phosphorus, 
before injection, above 7 rag. per 100 cc. of serum, while among those 
that died nine of the eleven had high control levels, indicating, pos- 
sibly, an inherent tendency to phosphorus retention. 
As is shown by the available  2 hour determinations, the first peak 
of phosphorus in the blood probably occurred in most instances before 
the 4  hour specimen was  taken.  Of  the nine rabbits  examined at 
2  hours,  four survived and five died.  Those that  survived showed 
at  the 4  hour period a  considerable drop in blood phosphorus (o  a 
level  which was  maintained or  further  decreased  at  5  to  7  hours. 
Some rabbits  that  died,  on  the other hand,  had  even higher levels 
at  4  hours than at  2,  and the high concentrations of phosphorus in 
their blood at 5 to 7 hours are in marked contrast to the correspond- 134  IRRADIATION AND  PARTIAL PARATHYROIDECTOMY.  H 
TABLE  I. 
Lived 
Rabbit  Condition  No. 
22  N 
24  N 
26  I 
29  I 
35  P  P 
34  P  P 
31  P  P 
37  IPP 
Average  .... 
25  N 
23  N 
27  I 
28  I 
30  P  P 
32  P  P 
33  P  P 
40  IPP 
39  IP  P 
36  IPP 
38  IP  P 
I 
Serum Ca rag. per 100 ce.  I  Serum 1  ~ mg. per 100 co. 
Hrs. after injection  Hrs. after injection 
Con-  Con- 
txol  trol 
2  4  5-7  24  48  2  4  5-7  24  48 
11.0  6.3  5.7  7.2  8.811.2  5.619.715.(  14.6  7.5  6.5 
12.3  7.2  6.5  6.3  7.811.C  5.218.116.~  17.0  9.0  5.8 
14.6  7.4  7.810.211.C  13.0  17.1  17.4  9.6  i-- 
12.8  8.6  7.9  7.912.4  6.625.717.1  11.5  5.0 
12.8  7.4  --  6.4  5.8  15.3  20.6  --  18.0  7.4 
13.7-  6.7  --  11.812.7  5.7  12.8  --  4.3  5.2 
12.9  --  7.3  --  10.811.4  5.8-  15.1  --  4.7  4.9 
10.8  7.5  6.7  8.1  9.2  9.529.223.8  15.7  6.0  -- 
12.6  7.0  7.5  9.711.0  8.3  17.4  15.2  8.0  6.0 
Died  Death at 
Average..  /  12.8  6.8  7.7 
13.3  7.5  5.5  6.7  10.324.225.6  22.1  5hrs.,18 
min. 
11.9  7.5  6.7  7.9  9.917.2  19,2  22.5  6.05 
13.1  7.3  6.31  6.5  12.027,721.7:21.7  7-8 hrs. 
12.0  8.6  8.2  8.1  6.224.018,4  24.8  First  night 
13.0,--,  7.1  7.3  6.8.--.14,8  33.0  7.05 
12.9,--.  6.5  --  7.6,--,25.9  --  3.54 
13.5  8.8  7.5  8.4  15.024.223,1  38.7  6.28 
12.8,--.  6.5  7.~  7.6  --  21,8  28.4  7.18 
11.8,--,  6.7  7.7  8.8  --  21,4  30.0  6.53 
12.9-  7.5  --  8.2-  15.4  --  5.27 
13.1  --  6.3  9.6  8.~  --  19,2  24.0  5.30 
9.2  20,6  27.2 
N  =  Normal. 
I  =  Irradiated. 
P  P  =  Partially parathyroidectomized. 
I  P  P  =  Irradiated and partially parathyroidectomized. 
hag figures  for the  survivors.  The fate of these rabbits,  therefore, 
depended not on the primary blood phosphorus level attained shortly 
after injection, but on the elimination or retention of this excess of FREDERICK  L. GATES AND  J. H. B. GRANT  135 
phosphorus in the course of the next few hours.  Every rabbit  (but 
one ?)  that died had a  blood phosphorus level above 21 mg. per 100 
cc.  serum, 4  to 7 hours after injection.  Every rabbit that survived 
certainly or presumably had a  blood phosphorus level below 21 mg. 
at  the same period. 
With  reference  to  the occurrence of  acute  tetany,  it  is  essential 
that  the corresponding figures for blood calcium be taken into con- 
sideration.  The 2  hour specimens showed a  marked drop in blood 
calcium  from  the  control  figures,  and  this  drop  was  even  greater 
after 4 hours and often reached levels commonly associated with the 
signs of acute tetany,  which all these animals displayed.  But it is 
manifestly significant that  differences in  the blood calcium level do 
not  distinguish  the  surviving  rabbits  from  those  that  succumbed. 
In the rabbits that  died, although the initial drop in blood calcium 
coincided with the great initial rise in blood phosphorus, the secon- 
dary  rise  in  phosphorus  that  preceded  death  was  in  no  observed 
instance  accompanied by  a  further  drop  in  calcium  (11),  so  that 
just  before  death occurred  the  blood  calcium in  these  rabbits  was 
usually  somewhat higher  than  it  had  been  an  hour  or  more  pre- 
viously.  Low calcium alone cannot be held responsible for the death 
of these rabbits. 
In the first paper of this series we developed the hypothesis that 
absolute figures for serum calcium or  serum phosphorus are  not so 
significant in  experimental tetany  as  is  the  ratio  between  the  two 
elements in the  blood.  Howland and Kramer (8,  12)  have pointed 
out that in normal children this ratio  is approximately 2: l,  a  pro- 
portion most favorable to bone formation, and that in rickets changes 
in the ratio occur, which may explain, in part, the failure of calcium 
phosphate deposition.  Normally  in  rabbits  also  the  ratio  Ca/P  is 
greater  than  1.  Among  103  rabbits  the  average  ratio  was  1.9:1. 
In  these  phosphate-injected  animals,  however,  especially  in  the 
instances  of  phosphate retention  in  the  blood,  the  ratio  fell  to  a 
small  fraction of its  former value.  These low ratios  are  obviously 
of  more  significance  than  are  the  individual  calcium  levels  alone 
in interpreting the occurrence of severe and lethal tetany. 
In considering the significance of these relative changes in Ca and 
P  concentration, the fact  that  considerable  amounts  of  the  mono- 136  IRRADIATION AND  PARTIAL  PARATHYROIDECTOMY.  II 
valent  sodium ion  were also  injected probably  must  be  taken  into 
account.  One well established theory of hyperirritability and tetany 
is based on disturbances in balance between monovalent and divalent 
cations  and  anions  in  the blood.  In  a  very sane  and  illuminating 
review  and  discussion  of  this  question  Hastings  and  Murray  (11) 
weigh  the  relative  importance of  monovalent  cations  and  divalent 
anions as stimulants to nerves.  When disodium hydrogen phosphate 
is injected, a  "double dose," so to speak, of nerve irritants is given, 
and it is hardly profitable to speculate as to which is the chief offender. 
It is not our intention on  the basis of these few experiments and 
those reported in the first paper of this series to undertake a  critical 
discussion of current theories of the cause, or more probably causes, 
of  experimental  tetany.  This  vexed  and  complicated  question  is 
not  germane  to  the  original  object  of  this  investigation.  That 
specific object was attained in  the discovery that no significant dif- 
ferences were observable  in  the  reactions  of  irradiated,  normal,  or 
partially  parathyroidectomized  rabbits  to  injections  of  calcium 
chloride or  of  disodium hydrogen phosphate. 
SUMMARY. 
No significant differences were found in the reactions of irradiated, 
normal,  or  partially  parathyroidectomized  rabbits  to  injections  of 
calcium chloride or disodium hydrogen phosphate. 
Intravenous injections of calcium chloride caused only  a  transient 
rise  in  blood  calcium,  which  returned  to  its  former level  within  a 
few  hours.  The  upper  level  of blood  calcium  concentration  is  in- 
dependent of parathyroid control. 
Subcutaneous  injections  of  disodium  hydrogen phosphate  caused, 
in  all three groups of rabbits,  a  similar depression of the blood cal- 
cium level.  After large doses of the phosphate  solution,  all  of the 
rabbits  showed signs  of acute tetany in  which many of them  died. 
Death or  survival was not  determined, apparently,  by the absolute 
depression  of blood  calcium.  The  rabbits  that  died were those,  in 
all three groups,  in which a  phosphorus retention carried the initial 
rise in serum phosphorus to even higher levels in the hours preceding 
death,  and  so  changed  the  normal  calcium-phosphorus  ratio  to  a 
small fraction of its former value. FREDERICK  L.  GATES  AND  j.  H.  B.  GRANT  137 
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